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deficiency. This type of genome instability also has been and GTBP. The mutation frequency at the hprt locus in observed in yeast cells with mutations in genes homologous both cell lines was elevated by about two orders, but the to the bacterial mismatch repair genes mutS or mutL (17,18).
microsatellite instability in HCT116 cells was one order
In vitro complementation analysis of mismatch repair-defihigher than in HCT-15 cells. Except for one mutant of cient cell lines from various tumours showed that there are at HCT-15, all the mutations (114/115) were point mutations;
least two complementation groups, the hMLH1 and hPMS2 base substitutions of various types and frameshifts (dele-(or hPMS1) genes belong to one group and the hMSH2, tions/insertions of less than a few bases, predominantly of hMSH3 and GTBP genes to the other (10,17,19). These findings Ϯ1 bp). Base substitutions (57%) and frameshifts (43%)
are consistent with the mismatch binding activity of these gene occurred at a comparable rate in HCT116, whereas base products; MSH2 form complexes with either of GTBP (MutSα) substitutions (92%) were the major mutational events in or MSH3 (MuSβ) that can bind to a mismatched base or loop-HCT-15. Most frameshifts in HCT116 occurred at sites of out, and MLH1 forms a complex (MutLα) with PMS2 that monotonous or short tandem repeating sequences, and two can bind to MutSα or MutSβ bound to a mismatched base or of these sites, where there was a run of six Gs and four loop-out (12,20,21). The reported mutator phenotypes of cell As, were hot spots. Three hot spot sites of base substitutions lines harbouring a mutation at either of these mismatch repair were found in HCT-15; two of them at splice acceptor sites, genes are intricate. Some cell lines express high mutation rates the other at the CpG site shared with HCT116. The distinct at both the microsatellite and coding genes (14,16), while mutation spectra of the HCT116 and HCT-15 cell lines others exhibit lower mutation rates at these sites (18). Moreover, may reflect functional differences in the hMLH1 and GTBP one cell line had a high mutation rate at the coding genes, but gene products in mismatch repair. The gene product GTBP low microsatellite instability (14), the opposite being the case may be involved in the preferential repair of base misin the other line (22). Analysis of the mutations occurring at matches, and MLH1 in the repair of both base mismatches the coding genes of the mismatch repair-deficient cell lines and deletions/insertions of less than a few bases. These should provide more information on the possible roles of results suggest that mismatch repair deficiency affects the mismatch repair in carcinogenesis. The nature of spontaneous microsatellite stability as widely reported in colorectal mutations occurring at the endogenous genes in various mistumour cells, but that it may not severely affect chromosome match repair-deficient cell lines has been reported (18,23-25). integrity as the karyotypes of these tumour cells are, unlike
The major mutational events in these cell lines were point other tumour cells, relatively stable.
mutations (base substitutions and frameshifts), which seems to be consistent with the mismatch repair-deficiency of the cell lines. However, the numbers of mutant cells analysed in Introduction these studies were limited (23,24), or mutations analysed were The mutation hypothesis of cancer is long-standing and controrestricted within short stretch of sequences (reversion events) versial, but it remains among others the most attractive (18), it is difficult to deduce from these results a definite one (1, 2) . Tumour progression is often associated with the feature of mutator activity resulting from the inactivation of a accumulation of mutations in tumour suppressor genes or specific mismatch repair gene. proto-oncogenes (3). Hereditary non-polyposis colon cancer
We describe mutational events occurring at the hypoxanthine-guanine phosphoribosyltransferase (hprt) gene of two that of repair-proficient T cells showed a total lack of deletion/ insertion events larger than a few base lengths in mismatch repair-deficient cells, which constituted~15-20% of the mutational events in the repair-proficient cell line. In addition, we observed distinct mutation spectra of HCT116 and HCT-15. HCT116-induced base substitutions and deletions/insertions of Ͻ3 bp at comparable rates, while HCT-15 preferentially induced base substitutions. The results seem to be consistent with the reported functions of mismatch repair gene products.
Materials and methods

Cell lines
The cell lines used were obtained from the American Type Culture Collection. HCT116 was grown in McCoy's 5a medium (GIBCO/BRL) supplemented with 10% fetal bovine serum (FBS, HyClone), MRC-5 and HCT-15 were cultured in RPMI 1640 medium (Sigma) supplemented with 15% FBS. Cultures were incubated at 37°C in 5% CO 2 .
6-Thioguanine-resistant mutant selection
For isolation independent origin of 6-thioguanine-resistant (6TG r ) mutant clones, a culture of each cell line HCT116 and HCT-15 was trypsinized, and started each 100 independent cultures by plating in non-selective medium at a density of 2ϫ10 2 cells per 3 cm dish, then expanded in a 25 cm 2 flask and The purified PCR products were sequenced with an ABI 310 Genetic Analyser revealed that most of these smaller cDNA products had deletion (Perkin Elmer) using a Dye Terminator Cycle Sequencing Kit (Perkin Elmer) of one or more exons or part of an exon, probably as a result as described (26). For cDNA sequencing, the nested primers used were TKC4Ј of aberrant splicing. In most cases, sequencing of the suspected and TKC2, when required, additional primers TK02 and TK012 were used. For sequencing exon DNA fragments, nested primers used were: for exon 1, genomic hprt DNA fragments recovered from mPCR products HPRT01; for exon 2, 2prЈ (TAGCAAGTACTCAGAACAGCTG); for exon 3, allowed to identify mutations that caused aberrant splicing (Figure 1a) . The rest the molecular mechanism leading to such splicing is not yet clear, similar mutations leading to aberrant splicing have been of the mutants showed the normal mPCR patterns, indicating that the clone carries a deletion including both or either of the reported (26-28). For HCT-15, we found also no altered sequences in 8 (nos 7,10,11,18,27,40,66 and 67) of the 71 primer annealing sites. The results of cDNA amplification and 6TG r mutants, and the major type of mutation in this cell line deletions/insertions Ͼ4 bp. In addition, the mutations occurring in HCT-15 were mostly base substitutions (92%), while in was various types of base substitution. One mutant, no. 71, produced cDNA deleted the exon 2 sequence. The causative HCT116 57% were base substitutions and 43% deletions/ insertions of Ͻ3 bp, predominantly of Ϯ1 bp. Distribution of mutation which remains to be determined is probably a deletion because the exon 2 fragment DNA could not be amplified by mutations along the hprt gene is shown in Figure 2 . Mutations in normal cells were mostly distributed at random throughout mPCR. We found no altered sequence in the exon 6 DNA fragment recovered from the mPCR product of mutant no. 62 the gene, while there were three apparent hot spots in HCT116 and HCT-15. In HCT116, the two sites 207-212 and 496-499 which produced cDNA deleted exon 6. The respective mutations at the splice acceptor sites of mutants nos 20 and are deletion/insertion hot spots, where there is, respectively, a run of six Gs and four As. The CpG site 508 is a base 24 resulted in deletions of the first 5 bp of exon 2 and the first 21 bp of exon 8, indicative of the alternative use of cryptic substitution (C → T) hot spot. The remaining mutations appear to occur randomly along the hprt gene. Three hot spots were splice sites AG in these exons (27). Deletions/insertions were minor events in this cell line, comprising only 3% of the total also found in HCT-15: two G → T transversion hot spots at splice acceptor sites I2:-1 and I5:-1, and a C → T transition mutations; ϩG occurred twice at the run of the six Gs site 207-212 and ϩT once at the run of the four Ts site 294-297.
hot spot at CpG site 508, the same CpG site found in HCT116. However, there was no deletion/insertion hot spot. Mutation spectra Spectra of the mutations at the hprt genes of HCT116 and HCTDiscussion 15 are compared with the spectrum of normal T lymphocytes in Table III . Ten of 42 T cell mutations were deletions/insertions, The spectra of mutations occurring at the hprt locus in the two colorectal carcinoma cell lines HCT116 and HCT-15 that five being deletions of 14-55 bp and the rest deletions/ insertions of 1 bp. Three more mutations were suspected of are deficient in mismatch repair differ substantially from the spectrum of mismatch repair-proficient T lymphocytes. In large deletions as judged from the results of cDNA amplification and mPCR with these clones (26). Altogether, 19% (8/ mismatch repair-proficient cells, deletions Ͼ10 bp made up 15-20% of the total mutations at this locus (26), whereas in 42) of the mutations in the normal cells were deletions larger than 10 bp and 12% (5/42) were deletions/insertions of less the mismatch repair-deficient cell lines HCT116 and HCT-15 all except one mutation in no. 71, which has yet to be than 3 bp. The mutation spectra of the mismatch repairdeficient cells HCT116 and HCT-15 were distinguishable from determined, were base substitutions or deletions/insertions of Ͻ3 bp. The mutation spectra of the two cell lines studied are the mutation spectrum of normal cells in that there were no HCT116 and HCT-15, but except for the GGGGGG site only G:C → C:G 4 (9.5%) 2 (4%) 3 (5%) a part of those sites was reported to be hot spot (23,24). The but it is not effective for correcting loop-outs larger than a few bases (30). This feature of mutator activity is also replication slippage model (33, 34) and are consistent with the reported microsatellite instability of HCT116 (14). Sites 207-consistent with the reported karyotype stability of mismatch repair-deficient tumour cells (31). Mismatch repair in E.coli, 212 and 496-499 were not hot spots of Ϯ1 bp in HCT-15, which may reflect functional differences in the products of the a well studied system, is controlled by the three genes mutS, mutL and mutH. Mutation in one of these three genes results mismatch repair genes hMLH1 and GTBP. GTBP forms a heterodimer (MutSα) with MSH2, the product of another in high mutator activity of the mutant inducing mutations of a similar spectrum (32) . Unlike E.coli, the mutation spectra of mismatch repair gene hMS2, that binds to a mismatched base or loop-out of less than a few bases (21,35). The hMLH1 gene HCT116 and HCT-15 differed substantially. Although frequencies of 6TG r mutations in both cell lines were similarly elevated, product MLH1 also forms a heterodimer (MutLα) with the gene product of other mismatch repair gene hPMS2 that binds the relative incidence of deletions/insertions in HCT116 was much higher (43%) than that in HCT-15 (3%) ( Table III) .
to the MutSα-mismatch complex initiating the later step of the repair; excision of mismatched bases and following Similar results have been reported for Saccharomyces cerevisiae mutants defective in the mismatch repair gene msh6, a resynthesis of the excised portion of DNA strand (18,36). Our observation that the mutations in the mismatch bindinghomologue of the human GTBP gene (18).
There were three mutation hot spot sites in HCT116 and deficient cell line HCT-15 (GTBP) were predominantly base substitutions, while base substitutions and deletions/insertions HCT-15. The mutations at the three sites I2:-1, I5:-1 and 508 of HCT-15 were all base substitutions, mostly of specific type of Ͻ3 bp occurred at comparable rates in HCT116 (hMLH1). The distinct mutator phenotypes of the two cell lines can be site by site, G → T transversions at I2:-1 and I5:-1 and C → T transitions at 508. Mutations at two of the three sites, 207-attributed to the functional differences of the MutSα and MutLα complexes in mismatch repair. However, the reported 212 and 496-499, of HCT116 were deletions/insertions of 1 bp, whereas those at site 508 were C → T transitions. The mutation spectra of the MSH2-deficient cell LoVo of human (24) and msh2 of Saccharomyces cerevisiae (18), respectively, specific mutations that occurred at these hot spot sites seem to be the primary determinants of the observed specificity of differed from those of the GTBP-deficient counterpart cells HCT-15 and msh6 of S.cerevisiae (18). In addition, it has been the mutations in HCT116 and HCT-15 because specificity became less evident when mutations at these hot spot sites shown that partial functional redundancy exists between the mismatch repair genes MSH3 and GTBP for repair of some were excluded. Sequence contexts at the deletion/insertion hot spot sites in HCT116 are a run of six Gs (207-212) and four premutational intermediates (12). Further study of the functions of mismatch repair genes and of the mutator phenotypes of As (496-499), and at the 3 bp deletion sites 21-23 and 80-82 they are tandem 3 or 2 bp repeats. These features of the cells deficient in these genes is required. Site 508 is a CpG site, and mutations found at this site in deletion/insertion hot spot sites could be predicted by the
